Introduction {#s1}
============

Parkinson's disease (PD) is the most common neurodegenerative movement disorder, whose major clinical symptoms include resting tremor, rigidity, and bradykinesia (Emamzadeh and Surguchov, [@B25]). Striatal dopamine deficiency caused by the loss of nigral dopaminergic neurons is the main pathological feature of PD and responsible for the motor symptoms (Kalia and Lang, [@B40]). Dopamine replacement has been the first-line therapy for 40 years, but it only alleviates motor symptoms and fails to hamper dopaminergic neurodegeneration (Antonini et al., [@B2]). It is imperative to establish new drug targets and to develop safe and effective disease-modifying agent for treating PD.

Increasing evidence suggests that elevated activity of glycogen synthesis kinase-3β (GSK-3β) contributes to the pathogenesis of PD (Golpich et al., [@B29]). Expression of GSK-3β was found to be increased in the nigral pigmented neurons in postmortem PD brains (Nagao and Hayashi, [@B59]). GSK-3β was activated by phosphorylation at its Tyr216 in the striatum of PD patients (Duka et al., [@B24]; Wills et al., [@B78]). Increased GSK-3β protein levels have also been reported in peripheral blood lymphocytes in PD patients (Armentero et al., [@B4]). Our previous study showed, for the first time, that pharmacological inhibition of GSK-3β exerted neuroprotective effects in a parkinsonian model (Wang et al., [@B75]). Another study using different PD animal models induced by either 6-hydroxydopamine (6-OHDA) or lipopolysaccharide (LPS) also demonstrated that GSK-3β inhibition prevented dopaminergic neurodegeneration (Morales-Garcia et al., [@B57]). The detrimental effect of GSK-3β activation on dopaminergic neuron survival was further demonstrated in transgenic mice expressing a constitutively active mutant of GSK-3β (Credle et al., [@B17]). To date, cell-type-specific roles of GSK-3β in nigral dopaminergic neurodegeneration have not been determined.

GSK-3 is a pleiotropic kinase consisting of two genetically distinct isoforms, α and β, which share high similarity within the kinase domain but differ in their N- and C-terminal regions (Woodgett, [@B79]). GSK-3 isoforms exhibit high basal levels of activity and require stimuli for inhibition (Woodgett, [@B79]). Both isoforms are negatively regulated by N-terminal phosphorylation of serine residues: Ser21 in GSK-3α and Ser9 in GSK-3β (Sutherland et al., [@B72]; Sutherland and Cohen, [@B71]). Emerging evidence has shown a role for GSK-3α in brain functioning and neurodegenerative disease (Kaidanovich-Beilin et al., [@B39]; Hurtado et al., [@B37]; Morgan-Smith et al., [@B58]; Cymerman et al., [@B19]). We and other groups have shown that both GSK-3α and GSK-3β play a crucial role in neuronal death (Liang and Chuang, [@B47]; Leng et al., [@B43]; Song et al., [@B70]; Russell et al., [@B68]). Although conclusions made by previous studies focused on GSK-3β, pharmacological inhibition of GSK-3β could not distinguish the roles of the two GSK-3 isoforms.

Inhibition of GSK-3β has been considered as a potential potent option in parkinsonian therapy (Duda et al., [@B23]). Tideglusib, an ATP non-competitive GSK-3β inhibitor from the tiadiazolidinone family, has been tested clinically in several neurological disorders (Mathuram et al., [@B54]). Tideglusib treatment was associated with alleviated brain atrophy in a phase II trial of progressive supranuclear palsy (PSP), which is sometimes mistaken for PD (Höglinger et al., [@B32]). Tideglusib treatment also decreased levels of beta-secretase 1 (BACE-1) and phospho-tau in cerebral spinal fluid of Alzheimer's disease patients (Lovestone et al., [@B49]). Moreover, tideglusib exhibited inspired benefits in a phase II trial of autism spectrum disorder (Anagnostou et al., [@B1]) and myotonic dystrophy (Horrigan et al., [@B34]). These findings imply that patients could derive beneficial effects from using tideglusib for treatment of PD. Recently, Armagen et al. proposed that tideglusib could enhance cell viability via modulation of the nuclear factor erythroid 2-related factor 2/antioxidant response element (Nrf2/ARE) pathway in an MPP^+^-induced cell damage model, implying that tideglusib might act by antagonizing parkinsonian agents (Armagan et al., [@B3]). However, whether tideglusib shows benefit for neuroprotection in animal models of PD has yet to be investigated.

In this study, we investigated whether both GSK-3α and GSK-3β were activated during dopaminergic neuron loss. We then used conditional knockout mice to evaluate the contributions of each isoform of GSK-3 to parkinsonian dopaminergic neuron death *in vivo*. Furthermore, we tested the neuroprotective effect of tideglusib in a mouse model of PD, in order to provide preclinical evidence for a possible disease-modifying therapy for PD.

Materials and Methods {#s2}
=====================

Animals {#s2-1}
-------

All animal experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee of Sun Yat-sen University. The protocol was reviewed and approved by the Ethics Committee of ZSSOM on Laboratory Animal Care. The mice were housed in rooms with controlled 12 h light/dark cycles, temperature, and humidity, and food and water were provided *ad libitum*. Eight- to 12-week-old male C57BL/6 mice weighing 22--28 g were obtained from the Beijing Vital River Laboratory Animal Technological Company (Beijing, China). The dopamine transporter-driven Cre mutant (Dat-Cre) mice were obtained from The Jackson Laboratory (Stock number \#006660 [RRID:IMSR JAX:006660](https://scicrunch.org/resolver/RRID:IMSRJAX:006660)). The floxed *Gsk3a* and *Gsk3b* mice have been previously reported (MacAulay et al., [@B50]; Patel et al., [@B63]). All genetically engineered mice listed above were backcrossed to C57BL/6 for at least 10 generations.

MPTP Treatments {#s2-2}
---------------

The experimental procedure of MPTP treatments was performed as previously described (Huang et al., [@B36]; Yu et al., [@B81]). Briefly, 8--12-week-old male mice weighting 22--28 g were injected intraperitoneally (i.p.) with 30 mg/kg of free base MPTP-HCl (Sigma, China) at 24 h intervals for five consecutive days. The control mice received a corresponding volume of saline alone. For investigation of activation of GSK-3α and GSK-3β, mice were sacrificed 6 h after 1, 3 or 5 doses of MPTP injection (referred to as M1×, M3× or M5×, respectively). For investigation of dopaminergic lesions, mice were sacrificed 21 days post the last MPTP treatment.

For immunofluorescent or immunohistochemical analysis, mice were deeply anesthetized with choral hydrate (400 mg/kg, i.p.) and then perfused intracardially with ice-cold phosphate buffered saline (PBS), followed by 4% paraformaldehyde (PFA, Sigma, China) in PBS at a flow rate of 10 ml/min. The mice were then decapitated, brains removed and post-fixed in 4% PFA at 4°C overnight, followed by immersion in 20% and 30% sucrose.

Tideglusib Administration {#s2-3}
-------------------------

The protocol of tideglusib administration was determined according to works from Serenó et al. ([@B69]) with modifications. Briefly, tideglusib (Selleck, China) was suspended in vehicle (26% PEG400 + 15% Chremophor EL + MilliQ) at a gradient dosage of 50 mg/kg, 200 mg/kg or 500 mg/kg. Tideglusib was orally administered for three consecutive days before MPTP injections, while control mice received a corresponding volume (10 ml/kg) of vehicle alone. During MPTP insult, gavage of tideglusib or vehicle was performed 3 h before MPTP or saline administration. Following the last MPTP or saline injection, tideglusib or vehicle was administered for another seven consecutive days. Mice were sacrificed 14 days post the last tideglusib treatment.

Immunofluorescent Analysis {#s2-4}
--------------------------

Immunofluorescent analysis was performed as previously described (Huang et al., [@B36]; Yu et al., [@B81]; Hu et al., [@B35]). In brief, cryostat-coronal sections (20 μm) encompassing the entire midbrain were serially collected. Free-floating sections were pre-incubated in blocking solution containing 5% normal donkey serum and 0.3% Triton X-100 in 50 mM Tris-buffered saline (TBS, pH = 7.4) at room temperature for 1 h. Primary antibodies against p-GSK-3α Ser21 (Cell Signaling Technology, Cat. \#9316, [RRID:AB_659836](https://scicrunch.org/resolver/RRID:AB_659836)), p-GSK-3β Ser9 (Cell Signaling Technology, Cat. \#5558, [RRID:AB_10013750](https://scicrunch.org/resolver/RRID:AB_10013750)), GSK-3α (Abcam, Cat. \#ab40870, [RRID:AB_732666](https://scicrunch.org/resolver/RRID:AB_732666)), GSK-3β (Santa Cruz, Cat. \#sc-9166, [RRID:AB_647604](https://scicrunch.org/resolver/RRID:AB_647604)), and TH (Merck Millipore, Cat. \#AB9702, [RRID:AB_570923](https://scicrunch.org/resolver/RRID:AB_570923)) were dissolved in diluent and incubated with sections overnight at 4°C. After washing three times, sections were incubated with the secondary antibodies (Thermo Fisher or Jackson ImmunoResearch), which were conjugated with Alexa 488 or Alexa 555 at room temperature for 1 h. Finally, the sections were visualized under a confocal laser scanning microscope (LSM 780, Carl Zeiss, Germany).

Behavioral Tests {#s2-5}
----------------

Behavioral tests were carried out on the 4th day following the final injection of MPTP. Two tests were used to analyze sensorimotor function of the mice.

### Challenging Beam Test {#s2-5-1}

Challenging beam test was set up as described in previous studies with minor modification (Fleming et al., [@B27]; Mann and Chesselet, [@B51]; Bhurtel et al., [@B12]). Briefly, a plexiglass beam consists of four equal length sections (25 cm per section, 100 cm total length) that each have a descending width (starting with 3.5 cm width and narrow to 0.5 cm at 1-cm interval). Mesh grids (1 cm^2^ squares) with width corresponding to the size of the beam were placed over the beam surface leaving a 1.5 cm space between the grid and the beam surface. Mice were trained for 4 days (five times per day) before drug administration without mesh grids. On the day of testing, the mesh grids were placed over the beam surface and mice were videotaped while traversing on the grid-surfaced beam from the widest to the narrowest section and reached their home cage for a total of five trials. Time to traverse was measured and noted in the test. Videoclips were later reviewed in slow-motion to count the number of error steps and total steps. An error step was counted when a limb slipped beyond 0.5 cm below the grid surface during a forward movement.

### Cylinder Test {#s2-5-2}

Cylinder test was carried out after the challenging beam test on the same day as described in previous studies (Fleming et al., [@B27]; Mann and Chesselet, [@B51]; Bhurtel et al., [@B12]). In brief, a transparent glass cylinder with a height of 20 cm and a diameter of 13 cm was used in this test. On the day of test, each mouse was placed in the cylinder for 3 min and the process was videotaped for analysis. Times for rearing were counted when the mouse raised both its forelimbs above shoulder level and put down the limbs from cylinder before another rearing.

Immunohistochemistry {#s2-6}
--------------------

Cryo-coronal sections (40 μm) containing the midbrain and striatum were serially collected. The sections were processed for TH (Merck Millipore, Cat. \#AB152, [RRID:AB_390204](https://scicrunch.org/resolver/RRID:AB_390204)) staining and visualized using the Vectastian Elite ABC Kit (Vector Labs, Cat. PK-6101) and the DAB peroxidase substrate kit (Vector Labs, Cat. SK-4100) following the manufacturer's protocol. Adjacent substantia nigra sections were used for Nissl-staining to evaluate the survival of nigral neurons.

Stereological Cell Counting and Densitometric Analysis {#s2-7}
------------------------------------------------------

Stereological cell counting and densitometric analysis were performed as previously described (Huang et al., [@B36]; Yu et al., [@B81]; Hu et al., [@B35]). In brief, stereological cell counting analyses were performed by using the stereological method of optical fractionator with the aid of Stereo Investigator (MicroBrightField Inc., Williston, VT, USA), The numbers of TH- and Nissl-positive cells were counted in every fourth section throughout the entire extent of the midbrain. The striatal dopaminergic fibrous density was quantified based on the mean of Integrated Optical Density (IOD) of the TH immunoreactive signal. Four sections were randomly selected from those containing the striatum at the approximate level of Bregma-0.22--1.10 mm according to the mouse brain atlas (Paxinos and Franklin, [@B64]), and the IOD in the dorsal striatum of each section was measured on each side using ImageJ software. All analyses were performed blind to the treatments and genotypes as described (Baquet et al., [@B8]).

UPLC Analysis of Striatal MPP^+^ {#s2-8}
--------------------------------

Measurement of MPP^+^ level was conducted as previously described with modifications (Hu et al., [@B35]). Briefly, mice were sacrificed 90 min after a single 30 mg/kg i.p. administration of MPTP, and the bilateral striatum were dissected and weight. Tissues were homogenized and sonicated in lysis buffer which contained 5% trichloroacetic acid (Sigma, China) with 4 μg/ml 4-phenylphridine (Sigma, China) as an internal standard, followed by centrifugation for 15 min at 15,000 *g*. Chromatographic separation of supernatant was performed on an Acquity UPLC BEH C18 column (2.1 × 50 mm, 1.7 μm, Waters). The mobile phase consisted of 50 mM potassium phosphate and 0.1% with ultrapure phosphoric acid (pH = 2.5, solvent A, 92%) and acetonitrile (solvent B, 8%). MPP^+^ and 4-phenylpyridine signals were detected under PDA ultraviolet detection by Acquity Ultra Performance Liquid Chromatography H-Class system (Waters, Milford, MA, USA).

Statistical Analysis {#s2-9}
--------------------

Statistical tests were performed using GraphPad Prism version 8.0 for Mac (GraphPad Software, La Jolla, CA, USA). All data are presented as mean ± standard error of the mean (SEM). Unpaired two-tailed *t*-tests were used for comparisons of MPP^+^ striatal level between *Gsk3a*^Δ*Dat*^ mice and their control littermates, as well as *Gsk3b*^Δ*Dat*^ mice and their control littermates. When there were two variables (genotype and treatment), one-way ANOVA or two-way ANOVA followed by Tukey's or Holm-Sidak's multiple comparisons test was used.

Results {#s3}
=======

Both GSK-3α and GSK-3β Are Activated During Parkinsonian Dopaminergic Neurodegeneration {#s3-1}
---------------------------------------------------------------------------------------

Dephosphorylation of GSK-3β at Ser9, a marker indicating activation of GSK-3β, was widely observed in various PD models *in vitro* and *in vivo* (Nagao and Hayashi, [@B59]; Wang et al., [@B76]; Lin et al., [@B48]; Chen et al., [@B15]). In our previous work, we showed that activation of GSK-3β occurred selectively in dopaminergic neurons during MPTP lesion (Wang et al., [@B75]). However, whether GSK-3α was also activated in nigral neurons was unknown. To investigate the alteration of GSK-3α activity in parkinsonian neurodegeneration, we performed an *in situ* immunofluorescent assay for GSK-3α Ser21 phosphorylation with a specific antibody in the time course of an MPTP sub-acute model. As shown in [Figure 1A](#F1){ref-type="fig"}, a prominent staining of GSK-3α located mainly in the dopaminergic neurons within the ventral midbrain was observed in the saline-treated group. The level of phospho-GSK-3α decreased significantly as early as 6 h after the first dose of MPTP injection, which remained constant during consecutive MPTP treatments ([Figures 1A,B](#F1){ref-type="fig"}). We also performed a similar time course experiment for detection of phosphorylation of GSK-3β at Ser9, which was temporally and spatially consistent with that of phospho-GSK-3α ([Figures 1C,D](#F1){ref-type="fig"}). Our immunostaining results show that and phospho-GSK-3α Ser21 and phospho-GSK-3β Ser9 are weakly detected in surrounding glial cells, while they are apparent in the nigral dopaminergic neurons, which are similar to those shown in other studies (Roh et al., [@B66]; Endo et al., [@B26]; Li et al., [@B45], [@B44]; Gómez-Sintes and Lucas, [@B30]; Hurtado et al., [@B37]; Papazoglou et al., [@B62]; Wang et al., [@B77]; Kim et al., [@B42]), implying the abundance of phospho-GSK-3α Ser21 and phospho-GSK-3β Ser9 are much higher in neurons than those in glial cells. These data demonstrate that both GSK-3α and GSK-3β are activated synchronously during parkinsonian dopaminergic neurodegeneration.

![Both Glycogen synthase kinase-3α (GSK-3α) and GSK-3β are activated selectively in 1-methyl-4-pheny-1,2,3,6-tetrahydropyridine (MPTP)-treated mice. Mice were treated with 1, 3, and 5 doses of MPTP and sacrificed 6 h post-injection (M1×, M3×, M5×). **(A,B)** Immunofluorescent detection of p-GSK-3α (Ser21; green) in TH-positive dopaminergic neurons (red) by immunofluorescence **(A)** and quantitative data are shown **(B)**. Scale bar: 50 μm. Data are expressed as mean ± SEM (*n* = 4--5 per group). \*\*\**p* \< 0.001 vs. saline-treated mice. **(C,D)** The detection of p-GSK-3β (Ser9; green) in TH-positive dopaminergic neurons (red) by immunofluorescence **(C)** and quantitative data are shown **(D)**. Scale bar: 50 μm. Data are expressed as mean ± SEM (*n* = 4--5 per group). \*\*\**p* \< 0.001 vs. saline-treated mice.](fnmol-13-00081-g0001){#F1}

Conditional Knockout of *Gsk3a* Does Not Exert Overt Neuroprotection Against MPTP Toxicity in Mice {#s3-2}
--------------------------------------------------------------------------------------------------

To evaluate whether GSK-3α contributes to dopaminergic neurodegeneration in parkinsonian lesions, we bred dopaminergic neuron-specific *Gsk3a* (*Gsk3a*^Δ*Dat*^) knockout mice by crossing Dat-Cre mice with mice expressing a floxed allele of *Gsk3a* (MacAulay et al., [@B50]). Cytoplasmic localization of GSK-3α in dopaminergic neurons was abolished, where tyrosine hydroxylase (TH) was used as a cell type marker, shown by immunofluorescent staining ([Figure 2A](#F2){ref-type="fig"}). After verification of the successful conditional deletion of *Gsk3a*, we challenged the *Gsk3a*^Δ*Dat*^ mice and their control littermates with MPTP to investigate whether the nigral dopaminergic neurons of *Gsk3a*^Δ*Dat*^ mice would be resistant to MPTP toxicity. Surprisingly, *Gsk3a*^Δ*Dat*^did not show overt protection against MPTP by comparing TH-positive cell loss with control littermates (46.4% and 49.2% reductions in the control and *Gsk3a*^Δ*Dat*^ mice, respectively; [Figures 2B,C](#F2){ref-type="fig"}). Nissl-positive cell counts showed a similar trend (43.1% and 43.9% reductions in the control and *Gsk3a*^Δ*Dat*^ mice, respectively; [Figures 2D,E](#F2){ref-type="fig"}), revealing an actual loss of TH-positive neurons rather than reduction of TH expression. Depletion of striatal dopaminergic fiber density (44.0% and 50.5% reductions of TH-immunoreactive signal in the control and *Gsk3a*^Δ*Dat*^ mice, respectively; [Figures 2F,G](#F2){ref-type="fig"}) revealed similar trends and statistical results in reduction of nigral neurons. The striatal MPP^+^ level assay showed that there was no difference between *Gsk3a*^Δ*Dat*^ mice and their control littermates, indicating MPTP metabolism was not altered between these mice ([Table 1](#T1){ref-type="table"}). These data demonstrate that selective elimination of GSK-3α in dopaminergic neurons exhibits no significant nigro-striatal neuroprotection against MPTP toxicity.

![Evaluation of the role of GSK-3α in dopaminergic neurons in contribution to MPTP-induced parkinsonian neurodegeneration. **(A)** Immunofluorescence analysis for GSK-3α (green) in the ventral midbrains from MPTP-injected littermate control and *Gsk3a*^Δ*Dat*^ mice. Tyrosine hydroxylase (TH; red) staining marks dopaminergic neurons in the substantia nigra. Scale bar: 50 μm. *n* = 3 per group. **(B,C)** Immunohistochemical staining of TH on the midbrain sections from saline- and MPTP-injected control littermates and *Gsk3a*^Δ*Dat*^ mice **(A)** and cell counts of TH-positive neurons of the whole SNpc are shown **(C)**. Scale bar: 100 μm. Data show the mean ± SEM (*n* = 5--8 per group). \*\*\**p* \< 0.001 vs. saline-treated mice of the same genotype. n.s. no significance vs. control littermates as indicated. **(D,E)** Nissl staining on the midbrain sections from saline- and MPTP-injected control littermates and *Gsk3a*^Δ*Dat*^ mice **(D)** and cell counts of Nissl-positive neurons of the whole SNpc are shown **(E)**. Scale bar: 100 μm. Data show the mean ± SEM (*n* = 5--8 per group). \*\*\**p* \< 0.001 vs. saline-treated mice of the same genotype. n.s. = no significance vs. control littermates as indicated. **(F,G)** Immunohistochemical staining of TH on striatal sections from saline- and MPTP-injected control littermates and *Gsk3a*^Δ*Dat*^ mice **(F)** and measured Integrated Optical Density (IOD) of striatal TH immunostaining **(G)**. Scale bar: 500 μm. Data show the mean ± SEM (*n* = 5--8 per group). \**p* \< 0.05 vs. saline-treated mice of the same genotype. n.s. = no significance vs. control littermates as indicated.](fnmol-13-00081-g0002){#F2}

###### 

Conditional knockout of *Gsk3a* in dopaminergic neurons (*Gsk3a*^Δ*Dat*^) does not alter brain metabolism of 1-methyl-4-pheny-1,2,3,6-tetrahydropyridine (MPTP).

  Mice                  MPP^+^ (μg/g)
  --------------------- ---------------
  Control littermates   9.50 ± 2.35
  *Gsk3a*^Δ*Dat*^       12.2 ± 0.64

*Values of MPP^+^, in units of μg/g, represent mean ± SEM for 3--4 mice per group. *p* = 0.7876 for *Gsk3a*^Δ*Dat*^ vs. control littermates*.

Conditional Knockout of *Gsk3b* Rescues Dopaminergic Neurodegeneration in an MPTP Mouse Model of PD {#s3-3}
---------------------------------------------------------------------------------------------------

To clarify the precise role of GSK-3β in dopaminergic neurodegeneration, we generated dopaminergic neuron-specific *Gsk3b* knockout mice (*Gsk3b*^Δ*Dat*^) by crossing Dat-Cre mice with mice expressing a floxed allele of *Gsk3b* (Patel et al., [@B63]). Successful conditional deletion of GSK-3β expression in dopaminergic neurons was confirmed by immunofluorescent staining ([Figure 3A](#F3){ref-type="fig"}). MPTP was administered to the *Gsk3b*^Δ*Dat*^ mice and their control littermates to determine whether the nigral dopaminergic neurons of *Gsk3b*^Δ*Dat*^ mice would be refractory to MPTP insult. In agreement with our expectation, *Gsk3b*^Δ*Dat*^ mice showed a lower reduction of both the nigral TH-positive cell bodies (47.7% and 24.7% reductions in the control and *Gsk3b*^Δ*Dat*^ mice, respectively; [Figures 3B,C](#F3){ref-type="fig"}) and Nissl staining cell counts (50.3% and 28.6% reductions in the control and *Gsk3b*^Δ*Dat*^ mice, respectively; [Figures 3D,E](#F3){ref-type="fig"}) compared with the control littermates. The decrease of striatal TH-positive fibers density was consistent with the reduction in the numbers of SNpc neurons (40.6% and 25.5% reductions in the control and *Gsk3b*^Δ*Dat*^ mice, respectively; [Figures 3F,G](#F3){ref-type="fig"}). These data demonstrated that GSK-3β in dopaminergic neurons does play an important role in parkinsonian neurodegeneration. We also performed analysis of striatal MPP^+^ levels between *Gsk3b*^Δ*Dat*^ mice and their control littermates, the result of which showed that MPTP metabolism was not altered between these mice ([Table 2](#T2){ref-type="table"}). These results demonstrate that selective elimination of GSK-3β in dopaminergic neurons exhibits significant nigro-striatal neuroprotection against MPTP toxicity.

![Dopaminergic neuron-associated GSK-3β contributes to MPTP-induced parkinsonian neurodegeneration. **(A)** Immunofluorescence analysis for GSK-3β (green) in the ventral midbrains from MPTP-injected littermate control and *Gsk3b*^Δ*Dat*^ mice. TH (red) staining marks dopaminergic neurons in the substantia nigra. Scale bar: 50 μm. *n* = 3 per group. **(B,C)** Immunohistochemical staining of TH on the midbrain sections from saline- and MPTP-injected control littermates and *Gsk3b*^Δ*Dat*^ mice **(A)** and cell counts of TH-positive neurons of the whole SNpc are shown **(C)**. Scale bar: 100 μm. Data show the mean ± SEM (*n* = 5--6 per group). \**p* \< 0.05, \*\*\**p* \< 0.001 vs. saline-treated mice of the same genotype. ^\#^*p* \< 0.05 vs. control littermates as indicated. **(D,E)** Nissl staining on the midbrain sections from saline- and MPTP-injected control littermates and *Gsk3b*^Δ*Dat*^ mice **(D)** and cell counts of Nissl-positive neurons of the whole SNpc are shown **(E)**. Scale bar: 100 μm. Data show the mean ± SEM (*n* = 5--6 per group). \*\**p* \< 0.01, \*\*\**p* \< 0.001 vs. saline-treated mice of the same genotype. ^\#\#^*p* \< 0.01 vs. control littermates as indicated. **(F,G)** Immunohistochemical staining of TH on striatal sections from saline- and MPTP-injected control littermates and *Gsk3b*^Δ*Dat*^ mice **(F)** and measured IOD of striatal TH immunostaining **(G)**. Scale bar: 500 μm. Data show the mean ± SEM (*n* = 5--6 per group). \**p* \< 0.05, \*\*\**p* \< 0.001 vs. saline-treated mice of the same genotype. ^\#^*p* \< 0.05 vs. control littermates as indicated.](fnmol-13-00081-g0003){#F3}

###### 

Conditional knockout of *Gsk3b* in dopaminergic neurons (*Gsk3b*^Δ*Dat*^) does not alter brain metabolism of MPTP.

  Mice                  MPP^+^ (μg/g)
  --------------------- ---------------
  Control littermates   13.53 ± 1.29
  *Gsk3b*^Δ*Dat*^       12.33 ± 1.47

*Values of MPP^+^, in units of μg/g, represent mean ± SEM for 3--4 mice per group. *p* = 0.5627 for *Gsk3b*^Δ*Dat*^ vs. control littermates*.

GSK-3 Inhibitor Tideglusib Alleviates Loss of Nigral Dopaminergic Neurons in the Parkinsonian Mice {#s3-4}
--------------------------------------------------------------------------------------------------

We next tested the therapeutic potential of the GSK3β inhibitor, tideglusib, to rescue parkinsonian neurodegeneration provoked by MPTP toxicity. A gradient of three doses of tideglusib were given by oral gavage. A graphic of the experimental procedure is shown in [Figure 4A](#F4){ref-type="fig"}. As expected, MPTP induced a 54.8% reduction of TH-positive neurons in the vehicle-treated groups. Administration of 200 mg/kg tideglusib significantly alleviated TH-positive neuron loss in the SNpc (16.0% reduction compared with saline mice), while 50 mg/kg tideglusib showed no therapeutic effect (50.7% reduction compared with saline mice) and 500 mg/kg tideglusib showed no better neuroprotection than 200 mg/kg (24.4% reduction compared with saline mice; [Figures 4B,C](#F4){ref-type="fig"}). Nissl-positive cell counting confirmed the actual neuroprotection by tideglusib rather than a rescue of TH expression (53.4%, 46.3%, 18.8%, and 17.6% reductions in vehicle, 50 mg/kg, 200 mg/kg, and 500 mg/kg tideglusib treatment mice compared with saline mice, respectively; [Figures 4B,D](#F4){ref-type="fig"}). We also observed a similar neuroprotective effect in the striatum where the TH-staining indicated the dopaminergic fiber density (68.7%, 61.0%, 47.7%, and 43.9% reduction in vehicle, 50 mg/kg, 200 mg/kg, and 500 mg/kg tideglusib treatment mice compared with saline mice, respectively; [Figures 4B,E](#F4){ref-type="fig"}). The metabolism of MPTP was not affected by administration of tideglusib or vehicle, as shown by measurement of striatal MPP^+^ levels ([Table 3](#T3){ref-type="table"}). These data demonstrate the neuroprotective effects of tideglusib in the MPTP mouse model of PD.

![Tideglusib administration exerts neuroprotection against MPTP lesions. **(A)** A graphic of the experimental procedure is shown. **(B)** Immunohistochemical staining of TH (left panel), Nissl (middle panel) on the midbrain sections and TH staining on striatal sections (right panel) from saline- and MPTP-injected control and mice with gradient dosages of Tideglusib (50 mg/kg, 200 mg/kg, and 500 mg/kg). Scale bar: 100 μm (Midbrain), 500 μm (Striatum). *n* = 6--8 per group. **(C--E)** The bar graph shows the cell counts of TH-positive neurons of the whole SNpc **(C)**, Nissl-positive cells of the whole SNpc **(D)**, and measured IOD of striatal TH immunostaining **(E)**. The data shows the mean ± SEM (*n* = 6--8 per group). \*\*\**p* \< 0.001 vs. saline-treated mice with vehicle administration. ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01 vs. MPTP mice with vehicle administration as indicated.](fnmol-13-00081-g0004){#F4}

###### 

Blank refers to MPTP mice without administration of either vehicle or tideglusib; Vehicle refers to MPTP mice with vehicle administration; Tideglusib refers to MPTP mice with 200 mg/kg tideglusib administration.

  Mice         MPP^+^ (μg/g)
  ------------ ---------------
  Blank        17.02 ± 1.47
  Vehicle      22.95 ± 1.97
  Tideglusib   18.92 ± 2.18

*Neither vehicle nor tideglusib administration alters the brain metabolism of MPTP. Values of MPP^+^, in units of μg/g, represent mean ± SEM for 4--5 mice per group. *p* = 0.1506 for blank vs. vehicle, *p* = 0.7723 for blank vs. tideglusib, *p* = 0.3462 for vehicle vs. tideglusib, by one-way ANOVA and Tukey's multiple comparisons test*.

Tideglusib Improves Motor Symptoms of the MPTP-Treated Mice {#s3-5}
-----------------------------------------------------------

To ensure the neuroprotective effect of tideglusib in MPTP mouse model, we investigated whether tideglusib (200 mg/kg) could ameliorate motor deficits caused by MPTP treatment. Challenging beam test was used to assess changes in basal ganglia function of the mice. In vehicle groups, MPTP-treated mice took a longer time to reach the home cage (5.76 s and 9.76 s in saline and MPTP group respectively; [Figure 5A](#F5){ref-type="fig"}), had increased numbers of error steps (1.08 and 1.96 error steps in saline and MPTP group respectively; [Figure 5B](#F5){ref-type="fig"}) and had increased numbers of total steps (15.41 and 18.54 total steps in saline and MPTP group respectively; [Figure 5C](#F5){ref-type="fig"}). Tideglusib administration significantly ameliorated these motor deficits induced by MPTP toxicity (7.03 s to reach the home cage, 1.25 error steps and 16.02 total steps; [Figures 5A--C](#F5){ref-type="fig"}). Cylinder test was used to assess the locomotor activity of the mice. The number of rearings was reduced in MPTP-intoxicated mice compared to the saline-treated mice in vehicle groups, while MPTP with tideglusib administration increased the amount of rearing compared with MPTP with vehicle admininstration (4.83, 0.67 and 3.67 times of rearing in saline+vehicle, MPTP+vehicle and MPTP+tideglusib respectively; [Figure 5D](#F5){ref-type="fig"}). These data demonstrate that tideglusib administration improves motor performance and coordination, as well as spontaneous movements in MPTP mouse model of PD.

![Tideglusib administration improved motor dysfunction caused by MPTP lesions. **(A--C)** The bar graphs show the results of challenging beam tests: traverse time **(A)**, Numbers of error steps **(B)**, and numbers of total steps **(C)**, respectively. The data shows the mean ± SEM (*n* = 10--12 per group). \*\**p* \< 0.01, \*\*\**p* \< 0.001 vs. saline-treated mice with vehicle administration. ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01 vs. MPTP mice with vehicle administration as indicated. **(D)** The bar graph shows the numbers of rearings in the cylinder test. The data shows the mean ± SEM (*n* = 10--12 per group). \*\**p* \< 0.01 vs. saline-treated mice with vehicle administration. ^\#^*p* \< 0.05 vs. MPTP mice with vehicle administration as indicated.](fnmol-13-00081-g0005){#F5}

Discussion {#s4}
==========

This is the first study to analyze the impact of manipulating individual GSK-3 isoforms on nigral dopaminergic neuron survival in a mouse model of PD. We demonstrated that GSK-3β but not GSK-3α contributes to nigral dopaminergic neurodegeneration. This is also the first study using genetic ablation to demonstrate the detrimental role of GSK-3β in PD pathogenesis. Moreover, our findings indicate a beneficial effect of tideglusib on parkinsonian neuronal loss and a potential drug for disease-modifying therapy for PD.

Our results imply GSK-3α and β might be involved in the same signal pathway in MPTP-intoxicated nigral dopaminergic neurons since there is consistency of the time and degree of N-terminal serine dephosphorylation and the cellular distribution of both isoforms. It is interesting to find that *Gsk3a*^Δ*Dat*^ mice did not show overt neuroprotection against MPTP while *Gsk3b*^Δ*Dat*^ animals did show neuroprotection. This could be due to differential abundance of the expression of GSK-3α and GSK-3β, provided that the two isoforms were functionally redundant in dopaminergic neurons. We tried to ascertain the relative levels of protein expression of both isoforms by using an antibody recognizing the homologous domain of GSK-3α/β (Millipore Cat. \#05-412, [RRID:AB_309720](https://scicrunch.org/resolver/RRID:AB_309720)). We found that the immunofluorescent signal from this antibody within the dopaminergic neurons almost disappeared in *Gsk3b*^Δ*Dat*^ mice but mostly stayed the same in *Gsk3a*^Δ*Dat*^ mice, suggesting GSK-3β was the major isoform expressed in dopaminergic neurons (data not shown). Although, we have verified that the antibody has the same affinity for either isoform in western blot by using tagged proteins, it has not been confirmed that the affinity is the same in the immunofluorescent assay, where the conformation of the antigens should be completely different from those in western blot. So far, there is still a lack of evidence on the abundance of GSK-3 isoforms at protein levels in dopaminergic neurons, which needs further investigation.

However, a difference in relative abundance of GSK-3α/β may not be a reasonable explanation, especially in the case that these isoforms are actually paralogs, which are homologous proteins derived from different genes. Growing evidence supports the notion that GSK-3α and GSK-3β are non-redundant (for a review see Kaidanovich-Beilin and Woodgett, [@B38]). Data from studies in cultured neurons indicates differential roles for GSK-3α and GSK-3β in neuronal death, as they appear to be stimuli-specific. For example, blockade of either isoform was sufficient to hamper excitotoxic neuronal death regardless of the neuronal types (Liang and Chuang, [@B47]; Leng et al., [@B43]). In rat cerebellar granule neurons, both isoforms contribute to depolarization-induced apoptosis (Song et al., [@B70]), while only GSK-3β promotes trophic-deprivation-induced death (Hongisto et al., [@B33]). Our results presented above show for the first time in a neurodegenerative model *in vivo* that GSK-3β, but not GSK-3α, promotes parkinsonian dopaminergic neuronal death. These results support non-redundancy of GSK-3 isoforms under certain conditions. The key to understanding the promiscuity of GSK-3 isoforms in multiple paradigms of neuronal death will be to further elucidate the signal pathways involved and the responsible substrates, as suggested in a recent review (Beurel et al., [@B11]).

As GSK-3β of dopaminergic neurons contributes to cell death in parkinsonian pathogenesis, further studies are required to clarify the underlying mechanisms. Dysregulation of GSK-3β results in aberrant mitochondrial function, which is implicated in PD (Yang et al., [@B80]). In our recent work, we illustrated that upregulation of Bcl-2 interacting mediator of cell death (Bim), a pro-apoptotic protein related with mitochondria-dependent cell death, in dopaminergic neurons promotes neurodegeneration in MPTP model (Hu et al., [@B35]). Interestingly, some evidences suggested that GSK-3β promotes Bim upregulation and subsequent cell death *in vitro* (Nuutinen et al., [@B61]; Rubio-Patiño et al., [@B67]). We wonder if GSK-3β may involve in Bim upregulation here and subsequently degenerating nigral dopaminergic neurons. Other putative mechanisms will also be considered in our future works. For example, GSK-3β may contribute to the formation of protein aggregates or intracellular inclusions in PD. Deficiency of autophagy-lysosomal pathway, leading to dysfunction of protein aggregate clearance, was observed in post-mortem brains of PD patients and PD animal models (Meredith et al., [@B56]; Crews et al., [@B18]; Dehay et al., [@B20]; Vila et al., [@B74]; Bové et al., [@B13]). Increasing evidence suggests that GSK-3β inhibition restored lysosomal acidification and biogenesis by mediating nuclear translocation of Transcription Factor EB (TFEB) or through GSK-3β/tuberous sclerosis complex (TSC) axis, and thus showed neuroprotective effects in pathological conditions (Avrahami et al., [@B5], [@B6]; Azoulay-Alfaguter et al., [@B7]; Marchand et al., [@B52]; Li et al., [@B46]; Ren et al., [@B65]). In addition, some substrates, such as α-synuclein and Tau, whose phosphorylation by GSK-3β may progressively lead to intracellular and axonal deposit, may be involved in GSK-3β-mediated parkinsonian pathophysiology (Credle et al., [@B17]). Therefore, further investigation could focus on the role of GSK-3β in autophagy-lysosomal pathway and identification of novel substrates for aberrant protein aggregates in PD. GSK-3β also plays an important role in neuroinflammation (Beurel, [@B9]; Duda et al., [@B23]), which is responsible for neurodegeneration in PD (Gelders et al., [@B28]). Despite activation of GSK-3β was mainly observed in dopaminergic neurons in MPTP model, we did not rule out the possibility of GSK-3β of the surrounding glial cells mediating neuroinflammation. Substantial evidence suggests that GSK-3β mediates glial cell activation and promotes release of pro-inflammatory cytokines via regulating several transcriptional factors (e.g., NF-κB, CREB, STAT3) (Martin et al., [@B53]; Kim et al., [@B41]; Beurel and Jope, [@B10]; Yuskaitis and Jope, [@B82]; Cao et al., [@B14]). However, whether and how GSK-3β regulates neuroinflammation in parkinsonian pathogenesis remains unclear, which needs further investigation.

GSK-3 inhibition has been considered a potential therapeutic strategy for PD treatment (Duda et al., [@B23]). Our results from GSK-3 isoform-specific knockout mice suggest a GSK-3β-specific inhibitor might be a better choice for neuroprotection in PD. Although numerous GSK-3 inhibitors have been exploited, it remains challenging to develop an isoform-specific inhibitor for GSK-3β (Cormier and Woodgett, [@B16]). There are some data that suggest tideglusib has somewhat higher efficacy of inhibition of GSK-3β than of GSK-3α (Domínguez et al., [@B22]; Noori et al., [@B60]). Tideglusib has also shown acceptable safety and was well tolerated in several chronic clinical trials (del Ser et al., [@B21]; Höglinger et al., [@B32]; Tolosa et al., [@B73]; Lovestone et al., [@B49]; Anagnostou et al., [@B1]; Horrigan et al., [@B34]). Thus, it was introduced as the most clinically advanced inhibitor of GSK-3 (Gunosewoyo et al., [@B31]). Therefore, we suggest tideglusib could be a promising drug in PD treatment. As is shown in this study, tideglusib exerted significant neuroprotection and improved motor symptoms against the parkinsonian toxin MPTP. It is notable that tideglusib failed in a Phase II clinical trial of AD due to no clinical benefits in cognitive improvement (del Ser et al., [@B21]; Lovestone et al., [@B49]), despite its neuroprotection in AD animal models (Serenó et al., [@B69]). It has been suggested that intervention at an earlier disease stage, longer duration of treatment and better dosing of tideglusib should be taken into account for future clinical trials (Lovestone et al., [@B49]; Matsunaga et al., [@B55]). These suggestions should also be considered in clinical trials for PD, which may possibly be confronted with similar problems.

In conclusion, we have demonstrated that GSK-3β rather than GSK-3α in dopaminergic neurons is critical for parkinsonian degeneration, even with simultaneous activation of both isoforms occurring in nigral neurons during MPTP challenge. Moreover, pharmacological inhibition of GSK-3β by tideglusib alleviated parkinsonian lesions in an MPTP mouse model of PD. Our findings support the view that GSK-3β acts as a potential therapeutic target in PD, as well as provide preclinical data in support of tideglusib for PD treatment. We expect that tideglusib, or a potent, selective GSK-3β-specific inhibitor, would have potential applications in PD therapy.
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